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ABSTRACT
In the conventional view of type II migration, a giant planet migrates inward in the
viscous velocity of the accretion disc in the so-call disc-dominate case. Recent hydro-
dynamic simulations, however, showed that planets migrate with velocities much faster
than the viscous one in massive discs. Such fast migration cannot be explained by the
conventional picture. Scardoni et al. (2020) has recently argued this new picture. By
carrying out similar hydrodynamic simulations, they found that the migration veloc-
ity slows down with time and eventually reaches the prediction by the conventional
theory. They interpreted the fast migration as an initial transient one and concluded
that the conventional type II migration is realized after the transient phase. We show
that the migration velocities obtained by Scardoni et al. (2020) are consistent with the
previous simulations even in the transient phase that they proposed. We also find that
the transient fast migration proposed by Scardoni et al. (2020) is well described by a
new model of Kanagawa et al. (2018). The new model can appropriately describe sig-
nificant inward migration during the initial transient phase that Scardoni et al. (2020)
termed. Hence, we conclude that the time-variation of the transient migration velocity
is due to the changes of the orbital radius of the planet and its background surface
density during the migration.
Key words: accretion, accretion discs – circumstellar matter – hydrodynamics –
planet-disc interactions – proto-planetary discs
1 INTRODUCTION
A planet formed within a protoplanetary disc interacts
with the surrounding gas and migrates as a consequence
of the disc–planet interaction (e.g., Goldreich & Tremaine
1980). When it is massive enough, the planet forms a den-
sity gap along with its orbit and migrates together with
the gap, which is the so-called Type II migration (e.g.,
Lin & Papaloizou 1979; Armitage 2007). In the conventional
view of the type II migration, in the massive disc, the planet
migration is locked into viscous evolution of the disc and
migrates inward in the same velocity of the surrounding gas
(i.e., the so-called disc-dominate case). However, recent hy-
drodynamic simulations found that the inward migration
velocity of the giant planet can be faster than the veloc-
ity of the gas viscous drift velocity (e.g., Duffell et al. 2014;
Du¨rmann & Kley 2015; Kanagawa et al. 2018; Robert et al.
2018), which is the evidence of that the mechanism of the
migration is different from that supposed by the conven-
tional type II migration. In this context, Kanagawa et al.
⋆ E-mail:kazuhiro.kanagawa@utap.phys.s.u-tokyo.ac.jp
(2018) (hereafter KTS18) have indicated that the torque on
the planet can be described by a torque formula similar to
the type I by using the surface density at the bottom of the
gap and the giant planet migrates according to the torque.
Moreover, Robert et al. (2018) have shown that the giant
planet can migrate inward together with the gap even in a
disc with a zero accretion rate. The above results indicate
that the migration of the giant planet is driven by the torque
exerted from the surrounding gas, rather than the viscosity.
Recently Scardoni et al. (2020) (hereafter S20) have ar-
gued the migration of a giant planet in the massive disc. By
carrying out hydrodynamic simulations with a Jupiter-mass
planet, S20 have found that the velocity of the migration
gradually decreases and eventually reaches the velocity pre-
dicted by the conventional type II migration, though it is
much faster than the velocity of the gas viscous drift in an
initial phase. S20 interpreted the observed fast migration as
an initial transient one and concluded that the conventional
type II migration will be realized after the initial transient.
However, the time-variation of the migration velocity
can be due to the change of the parameters in the migration
formula, for instance, the planetary orbital radius Rp and
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the unperturbed surface density at Rp, Σun,p. Duffell et al.
(2019) investigated gas accretion onto the secondary of a bi-
nary system and its orbital migration for a wide range of the
binary mass ratio from 0.01 to unity. To do so, they employ
a technique by which the parameter space is scanned con-
tinuously, by slowly changing the mass ratio with time. This
technique enables them to thoroughly explore the parameter
space in only a few numerical runs. Here we clarify whether
the transient migration can be described by a new model
of KTS18, due to the change of the parameters during the
migration.
2 COMPARISON OF MIGRATION
VELOCITIES
From the hydrodynamic simulations of Du¨rmann & Kley
(2015) (hereafter DK15) and KTS18, the migration veloc-
ity normalized by the viscous velocity of the gas is obtained
as a function of Σun,pR
2
p/Mp, where Rp and Mp are the orbital
radius and the mass of the planet respectively, and Σun,p de-
notes the unperturbed surface density at R = Rp. KTS18
gives the empirical formula as
up
uvis
= c
(hp/Rp)
0.03
Σun,pR
2
p
Mp
, (1)
where c is the fitting parameter and c takes 1 – 3, hp is the
disc scale height at R = Rp, and the radial velocity of the gas
viscous drift is given by
uvis = −
3
2
νp
Rp
(2)
where νp denotes the kinetic viscosity at the planet orbit Rp.
For a comparison with the results of S20, we introduce
B = 4π
Σun,pR
2
p
Mp
. (3)
S20 showed time variations of the ratio of the inward
migration velocity of the planet to the migration velocity
predicted by the conventional type II migration (uII) and
the value of B: uII is given by
uII = uvis
B
B + 1
. (4)
S20 simulated the migration of the Jupiter-mass planet with
three different values of h/R: h/R = 0.05 (standard case),
h/R = 0.04 (thin case) and h/R = 0.06 (thick case). In addi-
tion, they carried out the simulation with a heavier disc (the
initial surface density is ≃ 1.56 times larger than that in the
standard case) with h/R = 0.04 (thin-heavy case) and the
simulation with a lighter disc (the initial surface density is
≃ 0.69 times smaller) with h/R = 0.06 (thick-light case). We
extracted the up/uII and B for each case from Figures 2, 3
and 5 of S20 and plot the values at t = 500 orbit, 1000 orbit,
and 1500 orbit in Figure 1 (Note that we converted uII to
uvis by using Equation (4)). In addition, we plot the data at
t = 2000 orbit and 2500 orbit for the thin-heavy and thick-
light case, and for thin case, the data at t = 2000 orbit,
2500 orbit and 3000 orbit are plotted. In Figure 1, we also
plot the results given by Duffell et al. (2014)1 and DK15,
1 Note that when Σun,pR
2
p/Mp ≫ 1, the migration velocities given
by Duffell et al. (2014) are much slower than those given by other
and the lines predicted by the model of KTS18 with c = 2
and c = 3.
As S20 showed, the migration velocity of the planet
slows down with time. However, the time-variation of the
migration velocity varies with time along with the line pre-
dicted by the model of KTS18 with c = 2. Their results are
also consistent with those given by DK15. For instance, in
the standard case, the migration velocity is quite similar to
that given by DK15 at the similar Σun,pR
2
p/Mp. Note that we
also comfirmed that the evolution of the semi-major axis is
similar to the sdandard case of S20 and the model of DK15
with Ûm = 10−7M⊙/yr (corresponds σ0 = 2.7 × 10
−3, which is
equivalent to that in the standard case) shown in Figure 6 of
DK15. For instance, at t = 500 orbit, Rp ≃ 0.7 and Rp ≃ 0.55
around t = 1000 orbit.
As time progresses, the migration velocity slows down
but this velocity approaches to the line predicted by KTS18
(Equation 1) with c = 2, rather than the viscous velocity and
the prediction of the conventional type II migration (Equa-
tion 4). In other cases, the migration velocity also varies
along with the line of Equation (1) with time as in the stan-
dard case. Only at the last phases of the thick and thick-light
cases, the migration velocity given by S20 reaches the veloc-
ity predicted by the conventional type II migration when
Σun,pR
2
p/Mp = 0.1 – 0.2. This is also consistent with the re-
sults given by DK15 and KTS18. Those previous studies
found that the migration velocity is close to the viscous ve-
locity when Σun,pR
2
p/Mp = 0.1 – 0.2. Note that the migration
significantly speeds up around the last phase in the simu-
lations done by S20. This speed-up could be caused by the
effect of the inner boundary, because the gap shape (espe-
cially inner structure) at the later phase is clearly affected
by the inner boundary as can be seen in Figure 7 of S20.
To fit the data when the disc is massive, namely
Σun,pR
2
p/Mp & 1, we found that in Equation (1), c = 2
is better. On the other hand, for the data in the case of
Σun,pR
2
p/Mp < 1, the choice of c = 3 looks better. This might
indicate that the coefficient may be different in the case of
Σun,pR
2
p/Mp > 1 and the case of Σun,pR
2
p/Mp < 1, though
this dependence is not related to the theory of the conven-
tional type II migration. Also we should note that around
Σun,pR
2
p/Mp ≃ 3, the velocities given by the both simulations
of DK15 and S20 are slightly slower than that expected by
Equation (1). Although the reason of this deviation is not
clear, there may be an upper limit of up/uvis (but this upper
limit is larger than that Duffell et al. (2014) found).
Note that S20 compared the torque exerted on the gas
crossing the gap and the torque exerted on the inner and
outer discs and found that the former torque is negligible to
the latter one. However, it does not mean that the torque
is not exerted at the bottom of the gap. In the model of
KTS18, the most of the torque is assumed to be exerted
from the bottom of the gap, which is related to the Lindblad
torque and not related to the corotation torque and torque
exerted from the gas crossing the gap. The bottom of the
gap does not mean only the co-orbital region of the planet,
it is wider 2. As can be seen in Figure 2 of KTS18, the above
works. This discrepancy could be due to that Duffell et al. (2014)
adopted the different way to measure the migration velocity.
2 KTS18 defined the bottom of the gap as the region from R =
MNRAS 000, 1–4 (2020)
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Figure 1. Ratio of the inward migration velocity up to the viscous velocity uvis as a function of the value Σun,pR
2
p/Mp (and the upper
x-axis is B = 4piΣun,pR
2
p/Mp). The crosses, triangles, and circles indicate the data extracted from S20. The time progresses as Σun,pR
2
p/Mp
decreases. That is, from the right, the data at t = 500 orbit, t = 1000 orbit, and t = 1500 orbit. For the thin, thin-heavy and thick-light
cases, the data at the later phase are plotted in the further right. The diamonds and stars indicate the results given by DK15 and
Duffell et al. (2014), respectively. The dotted and thin solid, dashed lines are the empirical formula of Equation (1) with c = 2 for
hp/Rp = 0.06, 0.05 and, 0.04 from the top, respectively. The thick solid line indicates the Equation (1) with c = 3 for hp/Rp = 0.05. The
thin dotted line indicates the prediction of the conventional type II migration of Equation (4).
assumption that the most of the torque is exerted from the
bottom of the gap, agrees with the results of hydrodynamic
simulations. DK15 also obtained the similar results (e.g.,
Figures 8 and 9 of that paper).
Robert et al. (2018) showed that even in the disc with
the zero accretion rate (case B1), the giant planet migrates
inward in the similar velocity to that in the disc with a finite
accretion rate (case A1). S20 discussed this result in Sec-
tion 6.3. Their explanation is that due to the perturbations
caused by the planet, the surface density profile no longer
Rp − δ to R = Rp + δ with δ = 2 max(RH, hp), excised from ψ =
ψp − δ/Rp to ψ = ψp + δ/Rp as followed by Fung et al. (2014)),
where RH is the Hill radius and ψp indicates the azimuthal angle
of the planet.
satisfies the steady-state accretion disc and these perturba-
tions will quickly modify the surface density profile towards
the initial condition of the case of A1. Because the surface
density profile becomes similar, the migration velocity in the
initial transient phase is similar. However, as Duffell et al.
(2014) and DK15 pointed out, the gap formation does not
change the gas accretion rate of the disc (for instance, see
Figure 4 of DK15). In the disc with a zero accretion rate,
we can expect that the gap formation does not generate a
significant mass flux comparable to that in A1, considering
the above results. Hence, the explanation of S20 seems to be
inconsistent with the results of the previous works.
In Section 6.3, S20 also argued that the initial tran-
sient cannot be maintained since the gas cannot move faster
than the viscous drift velocity and hence the migration ve-
MNRAS 000, 1–4 (2020)
4 K. D. Kanagawa
locity slows down because of the depletion of the gas density
outside the planet. This effect was also observed by DK15
(see Section 4.2 of DK15). However, DK15 found that the
most of the torque is exerted within a 5hp wide region inside
and outside the planet, and the surface density distribution
of this region does not change after several hundred orbits.
Consequently, the torque also does not change in time. One
can confirm that in Figure 7 of S20, the surface density dis-
tribution does not change in a 5hp region inside and outside
the planet, during the migration. The above fact is also con-
sistent with the results of KTS18 and the assumption of
their model mentioned above. The structure in the vicin-
ity of the planet can reach the quasi-steady state within a
timescale of local viscous diffusion, rather than the viscous
evolution timescale of entire disc. Indeed, as DK15 showed,
the gap shape (e.g., Figure 7) and the normalized torque3
(e.g., Figure 13) hardly depend on time after several hun-
dred orbits. Moreover, Kanagawa et al. (2017) showed that
the gap width and depth become stationary within the vis-
cous diffusion time across the width. In this sense, the model
of the previous studies reaches quasi-steady state.
3 CONCLUSION
We showed that the results of simulations carried out by S20
are consistent with those given by the previous studies (e.g.,
DK15 and KTS18). The time variation of the fast migration
in the transient phase proposed by Scardoni et al. (2020) is
due to the decrease in the ratio Σun,pR
2
p/Mp (or B) during the
migration. The agreement between the planetary migration
velocity and the velocity of gas viscous drift is realized when
Σun,pR
2
p/Mp = 0.1 – 0.2, as DK15 and KTS18 already showed.
We also found that the transient fast migration pro-
posed by S20 is well described by a new model of KTS18,
as a function of Σun,pR
2
p/Mp. Giant planets experience sig-
nificant inward migration during the initial transient phase
that S20 termed. The new model of KTS18 can be applied
to the evolution in this phase.
The results of DK15 and KTS18 support that the mi-
gration of a giant planet is driven by the torque exerted
from the surrounding gas, rather than the accretion flow of
the disc gas. The gap shape and the torque can reach quasi-
stady states in the local viscous timescale, which is much
shorter than the viscous evolution time of the entire disc.
Moreover, an initial distribution of the surface density of
hydrodynamic simulations is different in each paper. DK15
adopted the simple power-law distribution, KTS18 used the
simple power-law distribution and the power-law distribu-
tion with the empirical gap shape. S20 used a well-relaxed
initial surface density distribution as described in Section 4.1
of that paper. Nevertheless, as can be seen in Figure 1, the
migration velocity converges to the line predicted by KTS18
(Equation 1), regardless of the initial condition. This con-
vergence also indicates that the planetary migration is in
quasi-steady state even in the initial transient phase that
S20 proposed.
3 To consider a change of a backgraound, the torque should be
normalized by Γ0 = (Mp/M∗)
2(hp/Rp)
−2
Σun,pR
4
pΩ
2
K,p
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